The description of quantum dynamics of nanomagnets is a central issue in most applications proposed for those systems. In this paper, we put forward a modified perturbation approach to study the spin dynamics of a molecular magnet in the presence of time-dependent magnetic fields.The non-perturbed Hamiltonian H 0 , which defines the interaction picture, may be time-dependent proviso it can be diagonalized at all times by the same basis of states. We probe the method using a simple model Hamiltonian, that contains the important anisotropy terms relevant for Fe 8 molecular clusters, and solve as an example the case with the smallest non trivial spin value (S=1). Our modified perturbation approach converges rapidly to the exact solution, goes beyond the Kubo linear response theory, and is well defined even at resonance. Temperature effects in the spin dynamics are taken into account in the context of the density matrix.
INTRODUCTION
Molecular nanomagnets with high-spin and high anisotropy exhibit extraordinary effects, namely the pronounced magnetic hysteresis and the quantization of the magnetic moment [1, 2] . Promising applications of such magnets for current and future technologies include information storage, construction of nanomagnetic Maser-like devices [3] , and quantum computation. The name SingleMolecule Magnets (SMM) has been coined to mean that individual molecules in a crystal act as individual magnets and the interaction between two distinct molecules are negligible, in general. They can be prepared in longlived excited quantum states by simply applying a magnetic field [4] , and exhibit a stepwise magnetic hysteresis in a timedependent magnetic field. Quantum relaxation of spin states at low temperatures is very sluggish, and has been intensively studied within the framework of the Landau-ZenerStückelberg(LZS) theory [5] [6] [7] [8] . At low temperature, quantum tunneling is of primary importance for the magnetic relaxation process. In the adiabatic regime, the LZS theory predicts an exponentially small tunneling probability between states which are near a level crossing. However, a reliable account of the general dynamics, beyond the LZS approach, is highly desirable to include interesting physical phenomena with time-dependent fields [8] . In addition, real-time dynamics is of prime importance to perform quantum computation, to understand the time evolution and decoherence effects of quantum bits [9] . Quantum mechanically exact, if possible, as well as accurate approximate solutions are welcomed within this framework [10] . They are superior to numerical computations, since they allow to grasp qualita- * Electronic address: cadartora@eletrica.ufpr.br † Electronic address: cabrera@ifi.unicamp.br tively the basic physics involved in a given problem. Timedependent Hamiltonians constitute a distinguished class of problems, usually solved through the time-dependent perturbation theory in the context of the interaction picture (or Dirac version of quantum mechanics) [11] . The basic assumption in the usual interaction picture, is the possibility to separate a given Hamiltonian H , into a non-perturbed timeindependent part H 0 and a time-dependent perturbation V (t), which is assumed to be 'small'. We note that representative examples of such problems, precisely include spin dynamics of molecular magnets in the presence of time-dependent fields [1] . The usual low-order time-dependent perturbation theory has several shortcomings: to lowest order, the theory is limited to short intervals of time; and, at resonances, the theory breaks down no matter how small the perturbation. In this paper we will apply a modified version of the interaction picture, already used in a previous manuscript [3] , to study the spin dynamics of a molecular magnet under the influence of a time-dependent magnetic field. We show that out approach allows one to go beyond the usual Kubo linear response theory. Temperature effects are taken into account through the density matrix formalism.
The content of this paper can be described as follows: in the next Section we briefly discuss the mathematical framework of the modified interaction picture. In Section III the simplest form of a SMM Hamiltonian is presented. In Section IV we consider a more realistic approach and temperature is introduced. Finally, in the last Section a few remarks and conclusions are added.
THEORETICAL FRAMEWORK
We start with a mathematical description the modified version of the interaction picture, in which we split the Hamil-tonian H into two time-dependent parts H 0 and V (t):
(1) The non-perturbed Hamiltonian H 0 is time dependent and conditioned to be diagonalized at all times by the same basis of states in the Hilbert space, i.e.,
This term includes contributions from time dependent fields which cannot be considered as small. By contrast, the timedependent perturbation V (t), in general not diagonal in the basis of H 0 , i.e.,
but assumed to givesmall' contributions. The Schrödinger equation can be solved within the scheme of this modified interaction picture assuming the unitary transformation below
which transforms states and operators as follows:
where the subscript I stands for 'interaction picture', and kets and operators without any subscript are understood to be in the Shrödinger picture. An observable O I obeys a Heisenberg-like equation of motion with H 0 (t)
while the wave function |ψ I and the density matrix ρ I evolve in time according to Schrödinger-like equations with H I :
where H I is defined by the expression below
The temporal evolution of a given initial ket-state |Ψ 0 will be given by the unitary evolution operator U I in this modified interaction picture. The latter can be written in the form of a Dyson series [11] :
with |Ψ(t) I = U I (t, 0)|Ψ 0 . Following, in the next Section we discuss the usual Hamiltonian used to describe a molecular magnet.
THE MOLECULAR MAGNET HAMILTONIAN
One of the Hamiltonians used to model the spin system of molecular magnets, like the Fe 8 molecular cluster [12] [13] [14] , is given by :
where D is the uniaxial anisotropy constant, E the anisotropy constant in the transverse plane, which may be small, and (S z , S ± ) are the spin operators with units such that = 1 (S ± = S x ± iS y ). The last term in (8) and for times t < 0, i.e., before the applied magnetic field B(t) is turned on, we have the following Hamiltonian:
We denote by (|s , |0 , |a ) the basis which diagonalize H < , where |0 = |m = 0 , and (|s , |a ) correspond to the tunnel-ing states:
Calling ∆ = 2E the tunneling splitting, the corresponding eigenvalues of the energy are E s = −D + ∆, E 0 = 0, and E a = −D−∆. Notice that in this basis, ordered as (|s , |0 , |a ), the S z operator is non-diagonal. In the next Section we will discuss the influence of temperature on the spin dynamics of a S = 1 molecular magnet.
SPIN DYNAMICS BEYOND KUBO'S LINEAR RESPONSE THEORY
In the following, we introduce temperature and study the evolution of the density matrix ρ, when the system is perturbed by an oscillatory magnetic field whose polarization is near the z-axis:
being β = 1/(k B T ), and |B 0 (t)| > |b(t)|. For S = 1, the density matrix can be written in closed form as follows:
where we are using the basis of S z . Quantities in (15) are given by:
For times t ≥ 0 we break the Hamiltonian as follows:
to first order approximation, with the definitions
Observe in (21), (22), and (23), that corrections are linear in (E, b(t) ), while contributions from B 0 (t) are considered to all orders. The exact quantum Liouville equation (5) yields a set of coupled differential equations for the 5 independent components ρ mn of the matrix ρ, which are solved exactly by numerical methods. Concerning our approximate scheme, the evolution of the density matrix is evaluated by the expression:
and since the approximate operator U I from (20) is not unitary, we renormalize the density matrix at all times. The average of the spin projection operator along the z-axis is given simply by S z = Tr [ρ(t)S z ], which is written in closed form as follows:
We illustrate the calculation with an example for sinusoidal applied fields of the form B 0 (t) = B 0 sin(ω 0 t) and b(t) = b e iωt . In Fig. 1, we (12)) is considered as the unperturbed Hamiltonian. The calculation is standard and yields
Note, that in first order, S z (t) Kubo is linear in B 0 (t ) and does not depend on the transverse component b(t). On the other hand, contributions of higher order in E are included, as expected from the choice of the unperturbed Hamiltonian. Relation (26) can be written in closed form, for an oscillating field of the form Kubo's formula has several shortcomings: in addition of not including the contribution of the transverse applied field in first order, the resonant denominator in (27) may produce divergent responses. By contrast, a calculation of the time response for the resonant case, ω 0 = 4E using the modified version of perturbation theory gives a very satisfactory result. The resonant behavior is illustrated in Fig. 2 , where we compare the exact numerical solution with equation (25) 
CONCLUSION
In summary, in this manuscript we have demonstrated the possibility to go beyond the Kubo linear response theory through the use of a modified version of the interaction picture, suitable for problems in which a non-perturbed time-dependent Hamiltonian H 0 (t) can be diagonalized at all times by the same basis. In such a case, the results of our perturbation method agree very well with the exact solution, even to first order and for very long times. The spin dynamics of molecular magnets was studied using the density matrix formalism to obtain the evolution of the magnetization. This is an important parameter, which can be measured experimentally. If large magnetic molecules are used to store quantum information, one has to keep track of the time-evolution of the states initially prepared. In this paper, we have probed our method to study the quantum dynamics of a simple molecular magnet of spin S = 1. Calculations for high-spin molecular magnets are in progress.
